Rationale: Blood gas analysis is often used to assess acid-base, ventilation, and oxygenation status in critically ill patients. Although arterial blood gas (ABG) analysis remains the gold standard, venous blood gas (VBG) analysis has been shown to correlate with ABG analysis and has been proposed as a safer less invasive alternative to ABG analysis. Objective: The purpose of this study was to evaluate the correlation of VBG analysis plus pulse oximetry (SpO 2 ) with ABG analysis. Methods: We performed a prospective cohort study of patients in the emergency department (ED) and intensive care unit (ICU) at a single academic tertiary referral center. Patients were eligible for enrollment if the treating physician ordered an ABG. Statistical analysis of VBG, SpO 2 , and ABG data was done using paired t test, Pearson w 2 , and Pearson correlation. Main Results: There were 156 patients enrolled, and 129 patients completed the study. Of the patients completing the study, 53 (41.1%) were in the ED, 41 (31.8%) were in the medical ICU, and 35 (27.1%) were in the surgical ICU. The mean difference for pH between VBG and ABG was 0.03 (95% confidence interval: 0.03-0.04) with a Pearson correlation of 0.94. The mean difference for pCO 2 between VBG and ABG was 4.8 mm Hg (95% confidence interval: 3.7-6.0 mm Hg) with a Pearson correlation of 0.93. The SpO 2 correlated well with PaO 2 (the partial pressure of oxygen in arterial blood) as predicted by the standard oxygen-hemoglobin dissociation curve. Conclusion: In this population of undifferentiated critically ill patients, pH and pCO 2 on VBG analysis correlated with pH and pCO 2 on ABG analysis. The SpO 2 correlated well with pO 2 on ABG analysis. The combination of VBG analysis plus SpO 2 provided accurate information on acid-base, ventilation, and oxygenation status for undifferentiated critically ill patients in the ED and ICU.
Introduction
Identification of a patient's arterial pH, pCO 2 , and pO 2 is often critical for diagnostic and treatment purposes. Arterial blood gases (ABGs) are more technically difficult to obtain, more painful, more expensive, and often an extra needle stick that would otherwise have been unnecessary. Venous blood gases (VBGs) are obtained from the venous system and therefore can be obtained along with other blood work. There have been studies published on the correlation between ABGs and VBGs. However, many of these studies have concentrated only on certain patient populations such as diabetic ketoacidosis (DKA), [1] [2] [3] trauma, 4, 5 or chronic obstructive pulmonary disease (COPD). [6] [7] [8] In clinical practice, the exact diagnosis is not always known early on and patients may have multiple underlying pathophysiologic states. Other studies have enrolled patients only in certain areas of the hospital such as the emergency department (ED) or intensive care unit (ICU). [9] [10] [11] [12] Only one study has compared ABG, VBG, and pulse oximetry (SpO 2 ) in adult populations. 13 Despite existing studies, questions remain regarding the use of VBG analysis instead of ABG analysis more broadly in populations of undifferentiated critically ill patients. The goal of this study was to compare venous pH and pCO 2 to arterial pH and pCO 2 in a diverse group of critically ill patients in the ED and ICU. Additionally, we compared pulse oximetry to arterial pO 2 . Our hypothesis was that the combination of venous pH, pCO 2 , and pulse oximetry would correlate with arterial pH, pCO 2 , and paO 2 independent of disease state.
Methods
This prospective study was conducted in the ED, medical ICU, and surgical ICU at Christiana Hospital, which is an 1100-bed teaching hospital located in Newark, Delaware. The ED has an annual census of over 100,000. This study was approved by the Christiana Care Health System Institutional Review Board. Patients were eligible for the study if they were aged 18 years or older and the treating physician ordered an ABG. Patients were excluded if they had a contraindication to arterial or venous blood draw, if they had already been enrolled in the study during the same hospitalization, if they were pregnant, or if they were a prisoner. Patients were identified and enrolled by trained research nurses and could be enrolled at any time. After informed consent, ABG and VBG samples were obtained as temporally close to each other as possible. The ABG was obtained from either an existing arterial line or from the radial, brachial, or femoral artery. The VBG was obtained from either an existing venous catheter or from a new peripheral venipuncture.
Additional data gathered included patient location and presence of ongoing shock state. For the purposes of this study, we defined shock as the use of vasopressors and/or inotropes or systolic blood pressure <90 mm Hg or mean arterial blood pressure <65 mm Hg. The ABG and VBG analyses were performed either at the bedside or in the laboratory using the i-STAT System (Abbott Point of Care, Princeton, New Jersey). The strength of association between arterial pH, venous pH, arterial pCO 2 , venous pCO 2 , and arterial pO 2 and SpO 2 was assessed using paired t test, Pearson w 2 , and Pearson correlation coefficient.
Results
There were 156 patients enrolled and 129 patients completed the study (see Figure 1) . The study patients were diverse as evidenced by their demographics, vital signs, and location in the hospital at the time of enrollment (see Table 1 ). There was excellent correlation between venous pH and arterial pH (see Figure 2 ) and venous pCO 2 and arterial pCO 2 (see Figure 3) . SpO 2 correlated well with arterial pO 2 as predicted by the standard oxygen-hemoglobin dissociation curve (see Figure  4) . In our cohort, an SpO 2 of !90% correlated with a paO 2 Abbreviations: HR, heart rate; ICU, intensive care unit; MAP, mean arterial pressure; RR respiratory rate; SpO 2 , pulse oximetry; VBG, venous blood gas. Figure 2 . Venous blood gas (VBG)-arterial blood gas (ABG) pH (Bland-Altman plot).
of !60 mm Hg 94.6% of the time. Of the patients who did not correlate, 7 patients had SpO 2 !90 with a paO 2 <60 (see Table 2 ). The mean difference for pH between VBG and ABG was 0.03 (95% confidence interval: 0.03-0.04) with a Pearson correlation of 0.94. The mean difference for pCO 2 between VBG and ABG was 4.8 mm Hg (95% confidence interval: 3.7-6.0 mm Hg), with a Pearson correlation of 0.93. Subgroup analysis was performed on patients based on location, central versus peripheral VBG, primary working diagnosis, and patients in shock. There were no significant differences noted in any of the subgroups (see Table 3 ).
Discussion
Blood gas analysis remains an important tool for evaluation of acid-base and ventilation status of critically ill patients. The results of this study add to a growing body of evidence that supports the use of VBG instead of ABG for determination of pH and pCO 2 in these patients. Three studies and 1 metaanalysis have examined VBG values specifically in COPD and have showed good correlation with ABG values. [6] [7] [8] 14 Many studies have evaluated arterial and venous blood gas values in the setting of DKA. [1] [2] [3] 15 Several other studies have also examined the correlation between arterial and venous pH and pO 2 in a variety of disease states but in isolated locations such as the ED or medical or surgical ICUs. [9] [10] [11] [12] This has led to possible limitations where the focus is on one disease state or a specific location, reflecting a more acute process (the ED patient) or subacute or chronic process (the ICU patient). Our study is unique in that, to our knowledge, it is the first to enroll a diverse group of undifferentiated critically ill patients in both medical and surgical ICUs as well as the ED. Often, the underlying pathophysiologic state is not known for certain at the time of blood gas analysis, and multiple disease processes may occur simultaneously. By simplifying the enrollment criteria to a critically ill patient in whom the treating physician ordered an ABG, we captured a wide variety of patients and could not identify a subgroup in which the VBG failed to correlate with the ABG and pulse oximetry. We believe that this study design most realistically replicates real-world clinical practice.
Many other studies that have evaluated the correlation between pulse oximetry and arterial blood gas values have compared SpO 2 and SaO 2 (saturation of oxygen in hemoglobin as measured from an arterial puncture sample). [16] [17] [18] We chose to compare SpO 2 and paO 2 , evaluating the common clinical dictum that when SpO 2 is !90, paO 2 is !60. We also chose to use this comparison because we believe the paO 2 is more clinically relevant.
In this study, SpO 2 correlated with paO 2 as predicted by the standard oxygen-hemoglobin dissociation curve. We would still caution that this assumption is only accurate when the typical oxygen-hemoglobin dissociation is present. Clinical factors that may alter this include arterial pH, paCO 2 , and temperature. A left shift in the oxygen-hemoglobin dissociation curve causes hemoglobin to have a higher affinity for oxygen and more reluctance to unload oxygen in the capillary beds. This could lead to situations where the actual paO 2 is lower than predicted from the pulse oximetry value. Of the 7 patients with SpO 2 !90% and a paO 2 <60 mm Hg, there were no patients with significant hypothermia or profound hypercarbia. However, 5 of the 7 patients were alkalemic (see Table 3 ). This shift in the standard oxygen-hemoglobin dissociation curve may be clinically significant and should be considered when interpreting SpO 2 in the setting of alkalemia.
Of course pH, pCO 2 , and temperature can also shift the oxygen dissociation curve to the right, which would lead to a situation where the paO 2 is higher than that predicted by the pulse oximetry value. Another factor that has been described that can cause falsely lower SpO 2 values is high venous pressure states. In this scenario, venous pulsations can theoretically be interpreted by the pulse oximeter as arterial flow, which would lead to a markedly low pulse oximeter reading. 19 It does not appear that we had any patients in our cohort where this occurred as there were no instances where the SpO 2 was markedly low with normal or near normal paO 2 levels. Anemia has been evaluated and shown to affect pulse oximetry readings. However, the significance of this is not fully known. [17] [18] [19] [20] It is likely that this is not relevant except at extremes. 19, 21 The hemoglobin values for our 7 patients with SpO 2 !90% and paO 2 <60 mm Hg ranged from 6.7 to 13.5 (see Table 3 ). There were no other patients who had falsely reassuring SpO 2 values, so we do not feel anemia played a role in our clinical findings. Dyshemoglobinemia can cause discrepancies between pulse oximetry and paO 2 . With significant carbon monoxide poisoning or methemoglobinemia, pulse oximetry readings would be Abbreviations: ARDS acute respiratory distress syndrome; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; VBG, venous blood gas. a All P values for the mean differences <.05. b All P values for the correlation coefficients <.05. Abbreviations: paCO2, the partial pressure of carbon dioxide in arterial blood; paO 2 , the partial pressure of oxygen in arterial blood; SpO 2 , pulse oximetry.
higher than expected or in a normal range, despite a true low paO 2 value. 19 We did not have any patients in our cohort with a known working diagnosis of carbon monoxide poisoning or methemoglobinemia.
It is important to note that the method of using venous blood gas values and pulse oximetry as a surrogate for arterial blood gas values will not identify potentially clinically relevant hyperoxia. Hemoglobin is fully saturated, in other words, SpO 2 equals 100% when the paO 2 is approximately 120 mm Hg. 19 This means, any higher paO 2 level will go unnoticed by pulse oximetry. More recently, hyperoxia has been associated with increased mortality, particularly in postcardiac arrest patients, although this has been challenged in other studies. [22] [23] [24] If using the combination of VBG and pulse oximetry without a known paO 2 , the possibility of hyperoxia would still need to be considered.
We had hypothesized that the poor perfusion associated with shock states could lead to a weaker correlation between VBGs and ABGs. However, the correlation was just as strong in the rest of the patients as in this cohort. Other studies comparing arterial and venous blood gas analysis in shock states have been mixed. [25] [26] [27] [28] There is a large body of research evaluating arterial to venous CO 2 difference in shock as a marker for inadequate tissue perfusion. An arbitrary number of greater than 6 mm Hg difference between arterial and venous CO 2 measurements has often been designated as elevated and potentially a marker of ongoing tissue ischemia. [27] [28] [29] [30] In cases where there is significant discrepancy, it is likely that the more clinically relevant CO 2 and pH comes from the venous system rather than the arterial. This becomes even more apparent when evaluating arterial and venous blood gas analysis during cardiopulmonary resuscitation where much wider discrepancies are seen, sometimes with normal pH or only mild arterial acidemia. 27 In the shock subgroup, the mean CO 2 difference was À6 mm Hg with a pH difference of 0.03. In terms of pulmonary gas exchange and acid-base status, we do not feel these identified differences in CO 2 and pH are clinically relevant.
Another important finding in the subgroups addresses the accuracy of central versus peripheral VBGs compared to ABGs. The best way to answer this question would be to obtain a peripheral VBG, a central VBG, and an ABG in the same patient at the same time as was performed in a prior study. 31 Their findings showed very good correlation between all 3 groups. In our study, only 1 VBG was analyzed per patient, either peripheral or central. However, when the peripheral VBGs were compared to ABGs and the central VBGs were compared to ABGs, there was no statistical difference in the correlation. This result seems to be consistent with others' findings. 31 
Limitations
This study has limitations that should be considered when interpreting the results. The patients were enrolled as a convenience sample based on when resources were available. The vast majority of patients were enrolled during daytime hours on weekdays. However, the patients still comprised a diverse group with a wide range of disease processes. Therefore, this is unlikely to have resulted in any bias. In regard to subgroup analysis based on diagnosis, we did not find any specific diagnosis where venous blood gas results failed to correlate with arterial analysis. However, this analysis was quite limited given the significant overlap between diagnoses. We had many cases where one patient had multiple diagnoses making it very difficult to characterize various subgroups. Additionally, these subgroups were defined as the ''working diagnosis'' at the time of enrolling the patient and not the final diagnosis. Further limitations include our analysis of the peripheral versus central blood gases and the shock versus nonshock patients. Both these subgroups were not specified in advance and therefore may be more susceptible to confounding bias.
Conclusion
In this population of undifferentiated critically ill patients, pH and pCO 2 on VBG analysis correlated with pH and pCO 2 on ABG analysis. The SpO 2 correlated well with pO 2 on ABG analysis. When compared to ABG, the combination of VBG analysis plus SpO 2 provided accurate information on which to make bedside clinical decisions regarding acid-base, ventilation, and oxygenation status for undifferentiated critically ill patients in the ED and ICU.
